The earthworm avoidance test is a practical and sensitive screening method for assessing the effects of pesticides in tropical soils.
Introduction
Despite the great development of ecotoxicology in previous decades, little research has been performed on the impact of pesticides on tropical ecosystems, considering the amount of studies already conducted in temperate regions. In particular, data on the effects of agricultural chemicals on tropical soil invertebrates are scarce (e.g., Helling et al., 2000) . Despite the fact that the fate of these chemicals (and thus the exposure of organisms) may differ in different ecosystems (Klein, 1989; Laabs et al., 2002) , practically no effect tests have been performed in Latin America in general or in Brazil in particular. In fact, most of the data used in the risk assessment of pesticides in tropical countries are generated in North America or Europe (i.e., where temperate species were used). Consequently, an extrapolation of temperate data to tropical conditions without a scientific basis can lead to erroneous results. This study was conducted to establish experimental data that could contribute to the development of such scientific basis for tropical soil ecotoxicology.
The Earthworm Avoidance Test, originally developed in USA (Yeardley et al., 1996) , was selected because it is quick and easy to perform, and it is known to be sensitive towards a wide range of chemicals. The principle of this test is that the earthworms are simultaneously exposed to the soil sample spiked with the pesticide, and to a control soil. After a test period of two days the location of the animals is determined. The existing standardized protocol for the Earthworm Avoidance Test (ISO, 2006) was modified in terms of test species, substrate and conditions in order to make it suitable for tropical regions. Afterwards, three pesticides relevant for Brazil were studied using the modified test protocol. Tests were performed in Brazil (Embrapa, Manaus) and Germany (ECT, Flörsheim). The results were compared with those determined under temperate conditions as well as in other standardized tests with earthworms. Referring to experiences made with avoidance tests performed under temperate conditions (Hund-Rinke et al., 2003) , the work presented here had the following objectives:
-to prove the suitability of the modified test method for the testing of pesticides; -to compare the results of the avoidance tests performed under tropical and temperate conditions; -to check whether the modified avoidance test is at least as sensitive as the earthworm acute test and comparable in its sensitivity to the reproduction test.
Material and methods

Test soils
In this study, two artificial and two natural soils were used (Table 1) . Besides the standard test substrate for terrestrial ecotoxicological studies, OECD artificial soil (OECD, 1984) , a modified version called tropical artificial soil (TAS) suitable for tropical regions was used (Garcia, 2004) . Both artificial soils consisted of 10% organic matter (peat moss (OECD) or Xaxim fibres, extracted from the trunk of the tree fern Dicksonia sellowiana (TAS)), 20% Kaolinite clay, 50% industrial quartz sand and up to 0.5% calcium carbonate in order to adjust the pH in the optimal range (6.0 AE 0.5). The dry components of the artificial soils were mixed thoroughly before water was added in order to achieve moisture content of about 35% dry weight.
In addition, two natural field soils were selected as test substrates: (i) The European natural field soil LUFA 2.2 was selected, which is commercially available (Landwirtschaftliche Untersuchungs-und Forschungsanstalt, Speyer, Germany). It is widely accepted as a standard soil for the performance of ecotoxicological tests with invertebrates (Løkke and Van Gestel, 1998) . (ii) A tropical natural soil (TNS), classified as Acrisol, which is representative for Brazil. The chemical and physical properties of TNS are similar to LUFA with the exception of the lower pH (ca. 3.9).
Test organisms
The earthworms from the European strain used in these tests, Eisenia fetida (Lumbricidae), were taken from a breeding culture kept since 1994 at ECT (Germany). For all tests, only adult worms with clitellum with a fresh weight (f.w.) between 250 and 600 mg were used. The animals were bred in a mixture of bark humus and cattle manure as food (1e30 vol.%) at temperature 15e30 C (mean about 20 C) and in continuous darkness. In addition, mass cultures of a ''tropical strain'' of E. fetida were established at the Embrapa laboratory from samples provided by local earthworm breeders in Manaus, where the cultures were kept in a mixture of TAS with cattle manure (70:30, v/v) at room temperature (23e30 C; mean ¼ 26 C), at a light cycle of 12 h/12 h. All earthworms were fed according to demand, usually once a week, with finely ground cattle manure free of any chemical contamination. The worms selected for the test were acclimatized in the respective soil under test conditions for at least 24 h before starting the test.
Test performance
The avoidance tests were performed with the European E. fetida in two soils (OECD and LUFA) and with the tropical E. fetida in TAS only. Tests were conducted in 7 concentrations (ranging from 1 to 1000 mg a.i./kg) for benomyl or carbendazim and in 6 concentrations (ranging from 0.32 to 100 mg a.i./kg) for lambda-cyhalothrin. Each concentration and the control were tested with 4 replicates. Plastic vessels (11 Â 15.5 cm area, 6 cm height) were filled with soil up to a height of about 4e5 cm (about 500 g soil, dry weight). Using a piece of plastic fitted transversally in the vessel, one half of the vessel was filled with contaminated soil, the other filled with control soil, without pesticide treatments. Then the plastic separator was removed and 10 adults of E. fetida were placed on the separating line of each test vessel. The vessels were then closed with transparent and perforated lids. The tests were carried out in the dark in incubators at 20 AE 2 C for OECD and LUFA soils, and at 28 AE 2 C for TNS and TAS. The animals were not fed during the test. Soil moisture and pH were determined according to ISO guidelines. At the end of the test period of 48 h, the control and the contaminated soil sections were carefully separated and the number of earthworms was determined in each section of the vessels. Individuals found between the sections (on the separating line) were counted according to the direction they were moving, i.e., considered in the section where the anterior part of body was. Dead earthworms were classified as escaped animals.
Test chemicals
Benomyl is a broad-spectrum systemic fungicide of the benzimidazole chemical group, which was until quite recently registered for use in more than 50 countries, when it represented about 50% of the benzimidazole fungicides market worldwide (WHO, 1993a) . It was used for the control of a wide range of diseases on more than 70 crops, including fruit trees, vegetables and cereals. Benomyl is rapidly converted to carbendazim in the environment with half-lives of 19 h in soil. It is classified by the World Health Organization (WHO) as an ''unlikely hazardous'' (U) substance. By the end of 2002, the manufacturer decided to phase out the sale of all benomyl products (US EPA, 2002; EU, 2002) . Due to concerns about toxic effects on human health, the substance was also excluded from the list of pesticides registered in Brazil (ANVISA, 2003) .
Carbendazim is a systemic benzimidazole fungicide, produced commercially since 1970. It is used to control a broad range of diseases on cereals, fruits and vegetables, as well as in post-harvest food storage, and as a seed pre-planting treatment. Carbendazim is moderately persistent in temperate sandy soils where half-lives of 50e230 days have been found. According to (WHO, 1993b) . Recently, carbendazim has been included on Annex I of EU Directive 91/414, but several risk management options have to be put in place (EU, 2006) . Lambda-cyhalothrin is a non-synthetic pyrethroid insecticide and acaricide, developed in 1977. It is highly active against a broad spectrum of pests in public and animal health, but is also employed in agriculture against pests in many crops. Lambda-cyhalothrin has a half-life in soil of 12e16 weeks. According to WHO, lambda-cyhalothrin is classified as ''moderately hazardous'' (Group II) (WHO, 1990) . This compound has been included on Annex I of EU Directive 91/414, meaning that lambda-cyhalothrin is classified as causing no concern to humans or the environment (EU, 2000) .
All effect concentrations in this paper are given as nominal values, i.e. as is usual in soil ecotoxicological tests performed according to ISO or OECD guidelines no residue analysis was performed.
Data assessment
In these tests, for each replicate the net response (NR) (expressed as percentage) was calculated as NR ¼ ((C À T )/10) Â 100, where C ¼ sum of earthworms observed in control soil; T ¼ sum of earthworms observed in treated soil; 10 ¼ total number of earthworms per replicate. A positive (þ) net response indicates avoidance and a negative net response (À) indicates an attraction to the chemical tested in a given concentration. According to Annex E of ISO guideline 17512 (2006) , describing the testing of chemicals, attraction reactions (¼ the worms prefer the soil treated with the test chemical) have to be considered as 0% of avoidance. Prior to analysis, data were tested for homogeneity of variance (Levene's test) and for normal distribution (Kolmogorove Smirnov test). The highest no observed effect concentration (NOEC) and lowest observed effect concentration (LOEC) values were determined using ANOVA and Dunnett's test. However, intermediate statistically significant avoidance reactions (which occurred in only two tests (benomyl and carbendazim, both in OECD soil)) were not considered when determining NOEC/ LOEC values. The Student's t-test ( p 0.05 level) was used for comparing the means of proportions of individuals in the sections (control and treated) of each test vessel, in the chemical treatments (5 concentrations) as well as in the dual-control tests (4 replicates).
The median effective concentration (EC 50 ) values and its 95%-confidence limits were determined using Trimmed SpearmaneKärber method (Hamilton et al., 1977) . These calculations were based on the mean net response of the four replicates. The statistical methods used here are detailed in Meister and Van den Brink (2000) and Chapman et al. (1996) . As statistical software SigmaStat2 and SigmaPlot8 were used.
Results
Validity of the tests
According to the ISO draft guideline, two validity criteria have to be fulfilled. An avoidance test is valid if: -10% of the worms died (or escaped). This first criterion was fulfilled in all tests with OECD, TAS and LUFA soils, but since in the tests with TNS the mortality was >10%, this soil was not considered further; -if the distribution of the worms is within a range of 50 AE 10% between the two halves of a test vessel containing the same type of soil. Such ''dual-control'' test data establish that, in absence of toxicants, worms do not congregate, but instead distribute themselves fairly randomly with respect to the two halves of the test chambers. That is, they did not display behavior that might be mistaken for avoidance (Yeardley et al., 1996) . In order to test the second criterion, the ''dual tests'' were performed using untreated (or control) soil in each section of the test container in four replicates between the two halves of a test vessel containing the same type of soil. According to this criterion, all avoidance tests with OECD, TAS and LUFA soils were valid, since numbers in the two halves were within the range of 50 AE 10%.
Effects of the fungicide benomyl
The effects of benomyl are summarized in Table 2 . Based on the EC50 values, avoidance reactions were strongest in LUFA and weakest in TAS soils. In TAS soil, a significant ( p 0.01) avoidance reaction of tropical earthworms to concentrations of benomyl !31.6 mg a.i./kg was observed (Fig. 1) . In artificial OECD soil the European earthworms reacted significantly ( p 0.01) at concentrations of !10.0 mg a.i./kg (Fig. 2) , while in LUFA soil they showed already significant ( p 0.01) avoidance behavior at the lowest concentration (1.0 mg a.i./kg) (Fig. 3) . With the exception of the lowest concentration (1.0 mg a.i./kg; (not significant)) in OECD soil, no attraction behavior was observed.
Effects of the fungicide carbendazim
Referring to the EC50 values given in Table 3 , the worms reacted most sensitively in LUFA soil but much less in OECD soil. However, in contrast to the tests with the other two soils the EC50 was difficult to determine because of a vague doseeresponse relationship at lower concentrations.
The results of the test with tropical E. fetida in TAS soil indicate a significant ( p 0.05) avoidance behavior of earthworms at concentrations !1.0 mg a.i./kg (Fig. 4) . The same result was found with European earthworms in LUFA soil (significant avoidance behavior at !1.0 mg a.i./kg; Fig. 6 ).
In artificial OECD soil a significant attraction was observed at the lowest concentration (1.0 mg a.i./kg). Only at the concentration of 100 mg a.i./kg a significant ( p 0.05) avoidance reaction occurred, meaning that the NOEC is set at 31.6 mg a.i./kg (Fig. 5) . Only in OECD soil was an attraction behavior observed, which was significant at the lowest concentration (1.0 mg a.i./kg).
Effects of the insecticide lambda-cyhalothrin
Strong avoidance behavior was found at very low concentrations in all three soils, almost independently from the effect values (EC50s or NOECs) used (Table 4) . However, the calculated EC50 value (0.2 mg a.i./kg) for TAS soil is outside the tested range. The tropical earthworms showed significant ( p 0.01) avoidance behavior towards lambda-cyhalothrin in TAS soil in the lowest concentration (0.3 mg/kg) (Fig. 7) . In artificial OECD soil they significantly ( p 0.01) reacted at the concentration of 3.2 mg a.i./kg, while in natural LUFA soil the European earthworms showed significant ( p 0.05) avoidance behavior in the lowest concentration (0.3 mg a.i./kg) (Figs. 8 and 9 ). Again, with the exception of OECD soil (non-significant), no attraction reactions were found.
Discussion
From a technical point of view, the performance of the modified Earthworm Avoidance Test was as easy as in the case of the original version; i.e. changing the substrate, temperature and species did not cause methodological problems. Summarizing the results (Table 5) , it could be demonstrated that the sensitivity of E. fetida in avoidance tests is high, but depends on the soil type and the test chemical. In the tests performed with the two fungicides in TAS and OECD artificial soils, using the EC50 values, the earthworms had difficulties to detect and avoid the chemical-contaminated soils. Based on NOEC values, the reaction towards carbendazim occurred at a clearly lower concentration in TAS (<1.0 mg a.i./kg) than in OECD soil (31.6 mg a.i./kg). However, when taking the difficult doseeresponse pattern of carbendazim in OECD soil into account, this difference may not be very reliable. This impression is also backed up by the observation that only in OECD soil did attraction behavior occur, indicating that this substrate may not be optimal for such tests. In all soils (again, lowest in OECD soil), very low concentrations of lambdacyhalothrin were detected by the worms, indicating a better availability to the earthworm sense organs. In fact, avoidance behavior was, with one exception (benomyl), lowest in OECD soil and, again with one exception (lambda-cyhalothrin), strongest in LUFA soil. The fact that the tests with OECD and LUFA soils were done under temperate (i.e. with European E. fetida at 20 C) and the tests with TAS soil under tropical (i.e. with tropical E. fetida at 28 C) conditions did not have an obvious effect on the results.
Whilst there is no literature data available describing the effects of lambda-cyhalothrin, such avoidance tests have been performed with the two fungicides. According to Loureiro et al. (2005) , carbendazim and benomyl cause strong behavioral effects on the species Eisenia andrei in LUFA soil at concentrations starting at about 1 mg a.i./kg (effect values were not determined). In tests with three field soils with different organic matter content (2.9, 3.5 and 12.2%, respectively), the EC 50 values of benomyl for E. andrei varied between 2.7 and 19.4 mg a.i./kg. No correlation between EC 50 values and soil organic matter content was found (ESG, 2002) . In general, these results are in the same order of magnitude as the data determined in this study.
According to literature, the avoidance behavior of E. fetida is a very sensitive parameter for the detection of low concentrations of pesticides and other chemicals (ISO, 2006) . However, there are also examples where the test was not sensitive (e.g., the endogeic lumbricid species Aporrectodea caliginosa did not avoid toxic concentrations of organophosphate insecticides (Hodge et al., 2000) ). According to Reinecke et al. (2002) , E. fetida was able to detect and avoid low concentrations of the fungicide Mancozeb, but on the contrary showed even a preference for a soil contaminated with lead nitrate. Clearly, the extent of the avoidance behavior depends on the respective chemical to be tested.
The question about the relationship between the quick and easy-to-perform avoidance test and the established, much longer lasting acute (OECD, 1984) and chronic earthworm (ISO, 1998b) tests has been intensively discussed in the literature. The central issue in this discussion is the relative sensitivity of the three tests. Since Garcia (2004) performed all three tests in parallel with the same chemicals, soils and worms, such (Van Gestel, 1992) , but not with lambda-cyhalothrin (Coulson et al., 1986) .
Concerning the question as to data from tests performed under temperate conditions can be used for pesticide risk assessment in tropical regions, the results of the avoidance tests do not give a clear answer. This is caused by the fact that the sensitivity in comparable tests from both regions (i.e. NOEC values from tests in OECD versus those in TAS soils) differs according to the test chemical. In avoidance tests under tropical conditions, the worms reacted more sensitively in TAS soil than in OECD soil when exposed to lambda-cyhalothrin and, in particular, to carbendazim but less sensitively when exposed to benomyl. These differences could be caused by the influence of higher temperature on the degradation or metabolization of these chemicals. It should be noted that when comparing the sensitivity of the three different tests their very different duration (from 46 h to 56 d) has to be taken into account. For example, the lower toxicity of carbendazim in the acute (14 d) and chronic (56 d) tests with TAS soil compared to the tests with OECD soil could be explained by a higher degradation rate under tropical conditions while it will play a less important role in the 48 h avoidance tests. Independently from these considerations it seems that, when looking at the effect values in LUFA soil compared to those in OECD soil, the use of a field soil (suitable for earthworms) instead of an artificial soil would have a higher effect on the outcome of these tests compared to the ''tropical'' test modifications performed in this study.
The aim in performing the avoidance tests in natural soils in addition to the standard soils was to obtain toxicity data in ecologically relevant substrates. In temperate regions, the standard soil LUFA 2.2 with a pH ca. 6.0 is a suitable substrate for such tests. A sandy clay loam soil (TNS), typical for tropical Brazil, was selected despite its low pH of 3.9, because the other common soil type of this region (Ferralsol) is clearly not feasible for earthworms due to its high clay content and, thus, high density. However, the attempts to test the avoidance behavior with E. fetida in TNS soil were not successful, probably due to its acidity. Therefore, further work is necessary to identify a field soil that occurs in tropical Brazil that at the same time allows the testing of earthworms. Avoidance response (%) Results from acute and chronic tests are taken from Garcia (2004) . Tests in OECD and LUFA were performed with a European strain of E. fetida and in TAS with a tropical strain of this species.
Conclusion
The avoidance test is proposed as an easy and quick alternative to the two other tests. In fact, it is clearly more sensitive than the acute test and often at least as sensitive as the chronic one. However, considering the importance of the chronic test (on this level it is decided whether a pesticide is of concern or not (in the former case it has to be tested in the field)) and, therefore, the need for high ecological relevance of the test results, it would be premature to recommend the avoidance tests as a substitute for the chronic test. However, the results obtained in the present study support the idea of using the avoidance test either as a substitute for the acute test or as a screening test for the reproduction test. In any case, more research (in particular broadening the range of test substances with very different modes-of-action and properties) is needed before deciding on the further role of this new test method.
